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The gill-plumes  (branchiae)  of  the  nudibranch  Chromodoris  zebra 
are normally retracted within the branchial collar after a  shadow is 
cast on the animal (see Fig. 1).  If the decreased fight intensity per- 
sists, the gill-plumes become reextended, but usually not so fully as 
in  the first instance.  Characteristically, in  the dark  the  branchiae 
are concealed within their collared pocket, and in the light become ex- 
tended  to  a  degree depending on  the light intensity.  It  has  been 
shown (Crozier and Arey, 1919) that the photic control of gill-plume 
extension  depends  upon  the  activation  of  photoreceptors  located 
within, and in the immediate vicinity of, the plumes themselves, and 
not upon the eyes of the nudibranch.  The mechanism of this con- 
trol  is  complex: (1)  the integument in  the region of  the branchial 
collar is photosensitive and when it is illuminated induces the pro- 
trusion of  the branchia~;  (2)  the branchiae  themselves,  through the 
action of a self-contained nerve net, respond by contraction when the 
intensity of the incident light is quickly decreased, but do not react 
to  an  increase in  light intensity;  (3)  if  a  sufficient number of  the 
gill-plumes  is  excited  by  shading,  their  individual contractions re- 
flexly determine a  retraction of  the whole gill-crown, together with 
the  sphincterwise closure of  the  branchial  collar.  These responses 
have nothing to do, directly, with  the positive phototropism of the 
nudibranch,  although,  as  Arey  and  I  (1919)  have  intimated, it  is 
significant  that  the  locomotive  activities  initiated  by  light  in  a 
previously darkened and  quiescent Chromodoris  are  correlated with 
the protrusion of the chief respiratory organs. 
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It was desirable to consider some of the influences controlling the 
variability in the  responses  of the gill-plurnes when shaded; for,  as 
noted in the paper referred to above,  the exhibition of the  reaction 
is by no means constant.  In nature Chromodoris  shows  but  slight 
variability with regard to the amplitude of the response to  shading. 
With  animals  of medium size  (6  to  10  cm.  long),  at about 27 °,  an 
interval of 10 to 15 minutes must elapse between successive stimula- 
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FIG.  1. A. Semidiagrammatic view of  Chromodoris zebra, showing the  gill- 
crown normally extended.  The number of plumes varies from eight to sixteen, 
with a mode of twelve. 
B. The gill-crown contracted within its pocket, the collar closed. 
tions in order to obtain the maximal reaction at each trial.  The great 
variation apparent in laboratory tests is determined by the confine- 
ment of the  nudibranchs  to  aquaria.  In  dishes  of  non-circulating 
water the alkalinity is slowly reduced, owing to the excretion of COs. 
The nature of the response to shading was determined in a  series of 
twenty  shallow  vessels  of  similar  size  and  shape,  exposed  to  the 
same  conditions of  illumination, in  which  the  alkalinity had  been w.  J.  CROZmlZ  587 
reduced to varying degrees.  The responses of each individual  nudi- 
branch  (forty-five in all) were observed under conditions of gradually 
diminishing alkalinity. 
The  results  of  these  experiments  were uniform.  At  an  acidity of 
pH  =  8.0  the  reaction  when  the  animal  was  shaded,  both  in  light 
from a north window and in bright sunlight,  was entirely normal as to 
amplitude,  but  the  latent  interval  preceding  the  response  was  per- 
ceptibly  lessened;  at  pH--8.2  (about  the  natural  alkalinity)  the 
mean latent interval,  measured with ~ stop-watch, was 1.0 second at 
28°; at pH  -- 8.0 it was 0.7 second.  With still lower alkalinities  the 
following series of events was made cmt. 




7.9 to 7.8 
7.7 to 7.6 
Normal.  Latent period 1.0 sec. 
Amplitude normal.  Latent period slightly abbreviated (0.7 sec.). 
Latent period lengthened (2.0 to 3.0 sec.).  The ensuing reaction usually 
violent and complete. 
A delayed response, like the preceding, but in less than half the animals 
tested.  Sometimes no  response.  Occasionally a  plume  or  two  was 
seen to react.  Branchiae  much extended, even in the dark. 
No  response  whatever  under  any  conditions  of  illumination.  Gill- 
crown  greatly extended  (Fig.  2).  The  branchiae  still  reactive  to 
tactile stimulation, but merely by individual contraction (curling up). 
Impossible to cause the retraction of the whole branchial crown. 
Acid  (HC1)  was  added  to  sea water until  the pH was reduced  to 
6.3,  and in  this medium Chromodoris  lived for an hour or more in a 
closed  vessel.  The  gill-crown,  as  at  pH =  7.6  to  7.7,  was  much 
protruded  (Fig. 2). 
Alkalinities  greater  than  normal,  obtained  by  allowing  algm  to 
remain  in  the  dishes  of sea water for an  hour  or more  and  also by 
additions  of alkali  (NaOH),  were found  to  result  in  a  lessened pro: 
trusion  of  the  gill-crown.  Whereas  in  diffuse  light  the  gill-plumes 
were extended to a moderate degree at PH  --  8.2, the whole branchial 
apparatus  became  retracted  and  concealed from  view at pH =  8.4. 
At  an alkalinity of pH --- 8.4 the plumes could not be made to extend 
by the incidence of direct sunlight.  The effect of hyperalkalinity upon 
the  exhibition  of  a  reaction  to  shading  is  thus in part  a  secondary A 
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matter, since--the gill-crown being as a  whole less extended, and its 
individual plumes less turgid--the direct responses to shading (upon 
the magnitude of which the reflex contraction of the whole crown is 
dependent) are specifically less  vigorous.  But  it seemed dear that 
the  photic  irritability  of  the  intrinsic  reacting  mechanism  of  the 
plumes was also less than in water of pH  =  8.2;  this was tested by 
comparing the reactions of individual plumes shaded singly. 
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FIG. 2.  A shows the great protrusion of the gills as seen at high temperature, 
in direct sunlight, and especially in sea water of  diminished alkalinity; at x, an 
injured plume. 
B  shows how the retraction of the branchial crown normally resulting from the 
contraction of the plumes is inhibited at low alkalinities of the  sea water;  the 
plumes are here sketched as contracted maximally by touching them sharply. 
Two  other influences controlling  the  exhibition  of  a  response  to 
shading in Chromodoris  are temperature and light intensity.  Supra- 
normal temperatures cause the branchim to  become maximally pro- 
truded; this is seen when the nudibranchs are immersed in water at 
temperatures  of  32-35 °.  With  the  sea water  cooled  to  10  °,  the 
branchiae become much retracted; at temperatures  between  12  and 
17 °,  the photic reactivity of the branchiae is much reduced.  Direct w.  J.  CROZmR  589 
sunlight causes the gill-crown to be very fully expanded, and after a 
short time  (15  minutes)  the branchiae react very feebly if at  all  to 
shading.  At  30.5 ° ,  no  shading  response  was  obtainable  in  direct 
sunlight, but there was a  slight one in diffuse daylight. 
Thus the branchiae of Chromodoris  are extended under those con- 
ditions  which also  normally determine an  increased neuromuscular 
activity, creeping.  The gill protrusion  commences, however, in the 
case of light,  before the increased creeping activity is  well started; 
therefore the  heightened  activity is  not  the  cause  of  the  gill  pro- 
trusion.  Moreover, as already stated, the control of the  gill-plumes 
and of the gill-crown as a whole is exercised by a mechanism locally 
contained, while the photokinetic movements are initiated probably 
through  the  eyes.  Conversely,  low  temperatures,  darkness,  and 
slightly increased  alkalinity,  which  lead to a  decrease in  motor ac- 
tivity, cause the plumes to be retracted to a greater or less degree. 
Only when the protrusion of the plumes is permitted by the tem- 
perature and light conditions is the reaction to shading possible. 
The response is further controlled by the reaction of the medium, 
being possible  only within  the  range  pH  --  7.8 +  and  8.3 :t:,  the 
normal range of alkalinity in the habitat of this animal being 7.9 + 
to 8.25. 
At  the  acid  end  of  this  range  the  intrinsic  phofic irritability  of 
the plumes is much decreased, or inhibited,  and at a  slightly higher 
acidity  the  reflex  retraction  of  the  gill  crown  is  inhibited.  The 
"advantageous" features of this state of affairs may be noted: when 
the  CO2  content of the water is  greatly increased, the gills  become 
widely spread  and no longer interrupt  their respiratory function by 
retracting  when  shaded;  whereas,  if  the  alkalinity  of  the  water  is 
increased (correlated, under natural circumstances, with increased O, 
concentration),  the  gill-plumes--"no  longer  so  much  needed  ''~-- 
remain concealed within their collared pocket.  ~ 
Locomotor  activity,  protrusion  of  the  gills,  and  production  of 
CO2  continue in water of an  alkalinity so low  (pH  =  7.9)  that free 
i In numerous other instances where animals react to shading the response is 
characterized by great variability; this type of response should therefore provide 
a  good opportunity  for  quantitative  study.  Possibly in  other instances also 
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oxygen no longer exists in the medium (McClendon 1917,  p. 34);  in 
Cassiopea,  according  to  Carey  (1917),  pulsations  of  the  swimming 
bell cease in sea water less alkaline than pH  =  7.9,  but Chromodoris 
moves about for a time in solutions more acid than this. 
The control of gill protrusion,  and of the photic irritability of the 
plumes  by  the  existing  alkalinity,  which is  prominent  at  the  ex- 
tremes  of  the  normal  range,  is  probably  exercised,  to  a  less  con- 
spicuous degree, under the normal variations of loss of CO2 from the 
body of the nudibranch.  The whole system of gill reactions is appar- 
ently  concerned  fundamentally  with  regulating  the  loss  of  CO2 
from  the  blood,  analagous  to  the  method  whereby the  respiratory 
rhythm  of  a  vertebrate  is  controlled,  but  with  this  difference: the 
diffusion of CO2 from the respiratory surfaces is directly controlled in 
Chromodoris by varying the  amount of surface in  contact with  the 
external medium.  Upon  this  respiratory  control  of  the  gill  move- 
ments the property of branchial contraction as the result of shading is 
superimposed; it is  a  method of response which is of secondary im- 
portance.  In order that the shading reaction may be exhibited in its 
full  amplitude,  the gill-crown must be  at  a  certain  stage  of  exten- 
sion,  while  the  intrinsic  reactivity of  the individual plumes is  also 
limited by at least one of the factors which determine the degree of 
gill-crown protrusion.  The sensitivity of the plumes to a decrease in 
light intensity is  probably  of some protective value.  The  gills  are 
bitten  at by fishes,  and in about  10 per cent of the individuals  the 
plumes are found to have endured some degree of injury, presumably 
from  this  cause  (cf.  Crozier,  1919).  Hence  it  is  of  interest  that 
the  protective  aspect  of  the  branchial activity should clearly  be  a 
secondary thing,  in  spite  of the  fact  that  injury is  continually be- 
ing suffered by the gills.  It is  entirely possible  that  under natural 
conditions the  photic  irritability  of the plumes  should  be  a  func- 
tion  of  the  reaction either of the  sea water or of the blood  of the 
nudibranch.  It  has  not  been  possible,  however,  to  discover  any 
relation between the irritability  of the gills in  this  respect and  the 
tint  of  the  indicator  pigment  in  the  epithelium  of  the  gills;  in 
different  animals  this  tint  is  blue,  purple,  or  even  pinkish,  pos- 
sibly  indicating  variations  in  intracellular  acidity  (the  indicator w.  L  CROZIER  591 
turns  bright  pink  at  pH  =  5.6 +;  cf. Crozier,  1916);  but the color 
of the gills is independent of that of the other tissues of the animal, al- 
though due to the same pigment. 
SUMMARY. 
The branchial plumes of Chromodoris respond, by contraction,  to  a 
decrease in light intensity.  This response is obliterated by high tem- 
peratures  (above  32 °  )  and  by  direct  sunlight,  and is  possible  only 
within a  lim.ited range of alkalinity of the sea water.  A  concealing 
retraction of the whole gill-crown is  reflexly determined by the self- 
contraction of the individual plumes under "optimal"  conditions of 
light,  temperature, and  alkalinity.  This protective response  of the 
branchiae is  superimposed upon their simple system of fundamental 
activities (protrusion, retraction) apparently concerned with regulat- 
ing the respiratory exchange of the nudibranch. 
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